The RPS6KA6 gene encodes the p90 ribosomal S6 kinase-4 (RSK4) that is still largely uncharacterized. In this study we identified a new RSK4 transcription initiation site and several alternative splice sites with a 5 0 -RACE approach. The resulting mRNA variants encompass four possible first start codons. The first 15 nucleotides (nt) of exon 22 in mouse and the penultimate exon in both human (exon 21) and mouse (exon 24) RSK4 underwent alternative splicing, although the penultimate exon deleted variant appeared mainly in cell clines, but not in most normal tissues. Demethylation agent 5-azacytidine inhibited the deletion of the penultimate exon, whereas two indolocarbazole-derived inhibitors of cyclin-dependent kinase 4 or 6 induced deletion of the first 39 nt from exon 21 of human RSK4. In all human cancer cell lines studied, the 90-kDa wild-type RSK4 was sparse but, surprisingly, several isoforms at or smaller than 72 kDa were expressed as detected by seven different antibodies. On immunoblots, each of these smaller isoforms often appeared as a duplet or triplet and the levels of these isoforms varied greatly among different cell lines and culture conditions. Cyclin D1 inhibited RSK4 expression and serum starvation enhanced the inhibition, whereas c-Myc and RSK4 inhibited cyclin D1. The effects of RSK4 on cell growth, cell death and chemoresponse depended on the mRNA variant or the protein isoform expressed, on the specificity of the cell lines, as well as on the anchorage-dependent or -independent growth conditions and the in vivo situation. Moreover, we also observed that even a given cDNA might be expressed to multiple proteins; therefore, when using a cDNA, one needs to exclude this possibility before attribution of the biological results from the cDNA to the anticipated protein. Collectively, our results suggest that whether RSK4 is oncogenic or tumor suppressive depends on many factors.
INTRODUCTION
The p90 ribosomal S6 kinases (RSK) are a family of intracellular serine-threonine kinases that are targets of extracellular signalregulated kinase (ERK). 1 Four RSK members have been identified so far, that is, RSKs 1, 2, 3 and 4. Differing from other families in the kinase kingdom, RSK proteins contain two kinase domains, one at each end, besides an ERK-binding region. 1 The N-terminal kinase domain is responsible for phosphorylation of substrates, whereas the C-terminal kinase domain has, so far, only one known function being to activate its N-terminal kinase. 2 In response to many growth stimuli, ERK activates RSK by phosphorylation at six sites. 3, 4 Inactivation of RSK also involves phosphorylation (at Ser737) by its N-terminal kinase domain, but this phosphorylation decreases the RSK-ERK binding and prevents reactivation of RSK after dephosphorylation of the activation sites. 3 A problem is that these pieces of information are obtained from studies only of RSK1 and RSK2; whether they can be applied to RSK3 and RSK4 is unknown. Actually, comparative analyses of RSK members suggest that each may have distinct roles for specifying ERK signals. For instance, RSK1 has limited interaction with identified targets of RSK2; the four RSK genes are expressed in different patterns during late embryonic stages and in adult tissues. 5 RSK2 and RSK4 differ greatly at their N-and C-terminal sequences, suggesting that these two siblings may differ in functions. The RPS6KA2 that encodes RSK3 has been found to be homozygously deleted in some ovarian cancer cell lines and thus may be a tumor suppressor, 6, 7 opposite to the oncogenic RSK1 and RSK2. The human RPS6KA6 gene that encodes RSK4 is localized in the Xq21 chromosomal region and has several single-nucleotide polymorphisms in the coding region. 8 Although the initial study using northern blot approach detected three RSK4 transcripts in human tissues, 8 so far only one mRNA sequence of human RSK4 (hRSK4) has been documented in the NCBI database. Myers et al. 9 cloned a mouse RSK4 (mRSK4) cDNA, which has an additional 5 0 sequence, coding for additional 96 amino acids (aa), that is not present in the hRSK4 or other RSK members of mouse and human origins. This mRSK4 can inhibit the induction of Xbrachyury (a transcription factor) by fibroblast growth factor 8 in one cell X. laevis embryo, but this function is lost when the first 96 aa are deleted. 9 As fibroblast growth factor 8 is a critical intermediator of the Ras-ERK signaling in X. laevis, the mRSK4 with additional 96 aa may be an inhibitor of this signal pathway.
Information on the abundance of RSK4 in various tissues and cell lines is scarce and is quite conflicting. RSK4 protein level in several tumor cell lines has been shown to be very low but the protein is constitutively activated, that is being fully phosphorylated, even in serum-starved cells. 10 However, with another antibody, we easily detected RSK4 protein in human breast cancer tissues and cell lines using immunoblotting and immunohistochemical approaches. 11 Niehof and Borlak have reported that the RSK4 mRNA level is high not only in human and rat livers but also in the Caco-2 human colon carcinoma cells. 12 Moreover, Aroclor 1254, a mixture of polychlorinated biphenyls, can induce RSK4 expression in the kidneys of the rats bearing streptozotocin-induced diabetes. 12 We also observed a marked induction of RSK4 mRNA in c-myc transgenic mammary 13 and pancreatic 14 tumors, partly because of transactivation of the RPS6KA6 gene by the c-Myc protein. 15 Therefore, the RPS6KA6 gene does not seem to be silent and its expression is inducible, although the gene may be aberrantly methylated in some tumors such as endometrial cancer. 16 Whether the RPS6KA6 is mutated or deleted in any cancer is unknown, but deletion of this gene frequently occurs in the patients of X-linked deafness type 3, mental retardation and choroideremia, 8 which indirectly suggests that loss of RSK4 may not be lethal.
In mouse extraembryonic tissues, expression of RSK4 is inversely correlated with the presence of activated ERK. 9 Knockdown of RSK4 by short hairpin RNA (shRNA) in human fibroblasts can abolish P53-induced growth arrest and can decrease p21cip1 expression. 17 Therefore, P53 protein can induce p21cip1 to arrest cell growth not only by the well-characterized transactivation but also by recruitment of RSK4 as an intermediator, which is supported by a report that RSK4 can induce senescence via p21cip1. 18 In line with these results that suggest RSK4 as a tumor suppressor, decreased RSK4 mRNA level has been observed in human colon and renal cancers. 19, 20 Moreover, we have observed that ectopic expression of RSK4 can inhibit invasion of T47D and MDA-MB231 (MB231) breast cancer cells in culture and inhibit the metastatic ability of MB231 cells in SCID mice. 15 However, we have also observed that RSK4 mRNA and protein levels are higher in about half of the cases of human breast cancer, compared with the adjacent relatively normal tissue. 11 High RSK4 levels have been shown to render cell lines of melanoma and kidney carcinoma resistant to sunitinib, a protein kinase inhibitor developed as a chemotherapeutic agent. 21 If RSK4 is a tumor suppressor, the high RSK4 level is auspicious for those breast cancer patients, and the aforementioned induction of RSK4 by c-Myc in transgenic mammary and pancreatic tumors 13, 14 may be part of the mechanism for c-Myc-induced apoptosis as both transgenic tumors are highly apoptotic. [22] [23] [24] On the other hand, if RSK4 is oncogenic, induction of RSK4 by c-Myc may be a mechanism for c-Myc-induced cell proliferation, and a high RSK4 level in breast cancer is a bad omen. To disentangle these inconsistencies, in this study we anatomized the human and mRSK4 transcripts and characterized RSK4 protein isoforms, followed by studies of their basic functions with emphasis on several parameters of cancer biology. Different types of cancers were targeted, as cancer specificity might account for some inconsistencies.
RESULTS

Alternative initiations of mRSK4 and hRSK4 transcripts
At the time we started to study transcription of RSK4, the first two exons of the hRSK4 mRNA (NM_014496) were thought to be polythymine (T) sequences, which are now deleted in the updated version (NM_014496.4). Moreover, the mRSK4 mRNA (NM_025949) encodes an additional 96 aa at the N-terminus 9 as aforementioned. We thus suspected that the 5 0 -end of the original hRSK4 mRNA might not be correct, whereas there should be another mRNA variant of mRSK4 that encodes an open-reading frame (ORF) similar to its human counterpart. We therefore determined the 5 0 -end of RSK4 mRNA. We first performed 5 0 -RACE with RNA from Ela-mycPT1 mouse cells. 25, 26 As shown in Figure 1 (clone 090), we identified a new transcription initiation site that is localized at the 58th nucleotide (nt) calculated from the end of intron 2 of the updated NM_025949.2 sequence. Using approaches of reverse transcription (RT) and PCR with site-specific primers, we detected this short transcript in all malignant or non-malignant mouse cell lines studied, whereas the long transcript (NM_025949.2) was not detected in most of these cell lines. However, the long transcript was highly expressed in the MMTV-c-myc transgenic mammary tumors and the Ela-myc transgenic pancreatic tumors, much higher than the abundance in the Ela-mycPT1 cell line that was developed from a transgenic pancreatic tumor ( Figure 2a ). As the elastase-1 (Ela-) gene promoter is inactive in the culture situation, it is possible that expression of the NM_025949.2 mRNA is induced by c-Myc in vivo but is decreased in culture, because the transgene is turned off. Moreover, in a mouse embryo cDNA library, the long transcript was detected much more easily than the short form (Figure 2b) , although it is difficult to assess the ratio of the two in this library, because it was subtracted and the primers might have different efficiencies.
With 5 0 -RACE we also cloned the 5 0 -end of hRSK4 mRNA from L3.6pL human pancreatic cancer cells and identified a new initiation site (my092 in Figure 1 ) that is localized at the intron 2, and adds additional 222 nt at the 5 0 -end, of the NM_014496.4 sequence. This long transcript was detected in many human cancer cell lines and tumor tissues we studied (Figure 3 ), although its ratio to the short one (NM_014496.4) is difficult to determine, because of different efficiencies of the primers in PCR.
Alternative splicing of mRSK4 at exons 22 and 24 When we used RT-PCR to amplify a 3 0 part of the mRSK4 mRNA, we fortuitously found that the PCR products appeared as three bands in agarose gel, with the middle band as the dominant one ( Figure 2c ). TOPO or T-A cloning of these bands from 4T1 cells followed by sequencing of many plasmid clones revealed that they were the NM_025949.2 sequence and a splice variant without the first 15 nt of the 77-bp exon 22, as depicted in Supplementary  Figure 1 , which is dubbed as D15nt variant. This splice should result in an in-frame deletion of five aa at a region close to the Ser737 phosphorylation site that is involved in protein degradation of other RSK members. 4 The middle band is likely to be a heterodimer formed between the two sequences with or without the 15 nt. According to our experience, a heterodimer formed between two similar sequences occurs randomly in PCR and thus may disappear or change its abundance under different PCR conditions in a random manner. 27 The D15nt variant was detected in all the normal or cancerous tissues and cell lines we studied. Some data are presented in Figure 2c . The mouse plasmid clone (Clone ID: 30015425) we purchased from Open Biosystems www.openbiosystems.com happened to be this D15nt variant. To determine the ratio of the two mRNAs in 4T1 cells, we amplified 30 randomly selected plasmid clones with PCR. Visualization of the PCR products in agarose gel revealed that nine clones were the one with the 15 nt ( þ 15nt) that migrated slightly slower on the gel, 18 were the D15nt that migrated faster, and the remaining three clones might contain both. Figure 2d shows the PCR results from some plasmid clones. Therefore, the þ 15nt to D15nt ratio is roughly 1:2 [(9 þ 3):(18 þ 3)] in 4T1 cells, indicating that at least in some cells or some situations the D15nt is dominant. Actually, in most mouse cell lines we studied, the bottom (faster migrating) band of the triplet was more abundant than the top one. Therefore, the D15nt should be considered the wild-type (wt) while the NM_025949.2 sequence a minor variant.
Visualization in agarose gel of the RT-PCR products of a different 3 0 -part from 4T1 and many other mouse cell lines also revealed two bands (Figure 2e ). Cloning and sequencing these bands revealed that the top one that was at the expected molecular mass was the NM_025949.2 sequence, whereas the bottom band was a splice variant without the whole 132-bp exon 24, coined herein as DE24 variant, which should result in an RPS6KA6 (RSK4) splicing and tumor biology Y Sun et al in-frame deletion of 44 aa from the C-terminus of mRSK4. In a panel of mouse embryonic fibroblasts (MEFs) from normal mice or mice with knockout of the p53, PTEN, RPS6KA3 (RSK2), CCND1 or CDKN2A gene (Figure 2e ), the DE24 was always detectable although it was less abundant than the intact form.
Sequence results of RT-PCR products and plasmid clones showed the existence of a variant simultaneously lacking the 15 nt of exon 22 and the whole exon 24 (Supplementary Figure 1) . Thus, there are four different mRNAs, named þ 15nt þ E24, À 15nt þ E24, þ 15nt À E24 and À 15nt À E24 (D15ntDE24), respectively. To Figure 1 . Alignment of the NM_025949.2 mRSK4 and the NM_014496.4 hRSK4 as well as the new mouse (my090) and human (my092 and my106) sequences we cloned (gray letters), with the locations of ATGa, b, g and d indicated. Note that ATGd is located in exon 1D, 2 nt downstream of the TAA stop codon of the ORF initiated from ATGb. Kidney   mycPT  mycMT3  mycMT2  mycMT1  PT1-vec  PT1-D1  PT-H5  P53MEF  HC11  ND5  NMuMG   4T1 PT . Note that the exon-24 deleted variants are detected faintly in the kidney and that the mRSK4 is more abundant in a c-myc pancreatic tumor (mycPT) than in normal pancreas.
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analyze the ratios among the four, we better separated, in agarose gel, the RT-PCR products from RSK2 À / À MEF, because its total mRSK4 mRNA was at such a low level that allowed a better comparison of molecular weight (Figures 2e and f) . The results showed mainly the two 15 nt-containing variants while the two 15 nt-deleted mRNAs were barely detected ( Figure 2f ). Of the mouse cell lines or tissues we studied, the RSK2 À / À MEF was the only one that showed a decrease in the total mRSK4 mRNA level, hardly expressed the 15 nt-deleted variants, and was also the one showing the highest ratio of the À E24 to the þ E24 variants. In all other MEFs, the two E24-containing variants were much more abundant than the two sans E24, and of the two without E24, the D15ntDE24 was the dominant one ( Figure 2e ). Moreover, expression of the E24-containing variants was slightly increased in the MEFs that lack the p53 alone or together with the MDM2, compared with the wt MEF ( Figure 2e ). Lack of one or both alleles of PTEN also slightly increased the levels of the E24-containing variants ( Figure 2e ). mRSK4 was dramatically induced in Ela-myc pancreatic tumor tissues, compared with normal pancreas (Figure 2g ), which confirms our previous cDNA microarray data.
14 However, the DE24 variants were not detectable in the transgenic mammary or pancreatic tumors (Figure 2g ). Actually, a DE24 variant was only detected weakly in the kidney, and not in other organs, such as the brain, pancreas and liver from normal mice (Figure 2g ). In contrast, many mouse cancer cell lines express the DE24 variants (data not shown).
Our sequence data also identified two new single-nucleotide polymorphismss in several mouse cell lines. One is the G565A that changes aa (R141H) and the other is the T2342C in exon 22 (boxed nt in Supplementary Figure 1 ).
Alternative splicing of hRSK4 at intron 1 and exon 21 Using PCR and sequencing approaches, we identified two hRSK4 cDNA variants from a human brain cDNA library (Figure 3a) . One variant has three additional exons derived from intron 1 based on the NM_0144946.4 sequence, which are coined as exons 1B (96 bp), 1C (112 bp) and 1D (110 bp), respectively, to distinguish them from the original 117-bp exon 1 (my111 in Supplementary  Figure 2a and Supplementary Figure 3 ), but this variant was not detectable in the human cancer cell lines we studied. The other variant contains only the 110-bp exon 1D (my106 in Figure 1 , Supplementary Figure 2b and Supplementary Figure 3) , the abundance of which was similar to that of the NM_0144946. 4 RNA in the cDNA library (Figure 3a ), but was lower than that of the my092 variant in MCF7 and GI101 breast cancer cells (Figure 3b ) as well as L3.6pL and Colo357 pancreatic cancer cells (Figure 3c ).
Transcripts of hRSK4 also underwent alternative splicing at the 141-bp exon 21, which is the human counterpart of the exon 24 in the mouse, as confirmed by RT-PCR amplification of RNA from several cancer cell lines followed by sequencing the PCR products (Figure 3d ). Lack of this penultimate exon should result in an in-frame deletion of 47 aa from the C-terminus of hRSK4 (Supplementary Figure 2c) . The ratio between the two mRNAs with or without this exon varied greatly among cell lines, as exemplified by the ratios in L3.6pL, Panc28, SK-BR3 and MCF7 cells (Figure 3d ). However, like the DE24 in the mouse, the DE21 variant was not detectable in most normal human organs, although it might be faintly detectable in the normal liver (Figure 3e ). Moreover, we observed that the liver, kidney, pancreas, testis, prostate and placenta expressed relatively higher levels of hRSK4 mRNA than other tissues (Figure 3e ), which in general dovetails with the original report by Yntema et al. 8 Although mRSK4 lacks 15 nt in exon 22, we did not detect a similar splicing in its human counterpart, that is, the 77-bp exon 19 ( Supplementary Figure 2c) , in any human cell line or tissue we studied. Comparison of the sequence in the intron-exon boundary around this splice site between the human and mouse shows three mismatched bp within the 15-nt sequence, although the encoded 5 aa only have one mismatch (Supplementary Figure 2d) . It remains unknown whether these sequence differences are reasons for why hRSK4 does not undergo a similar alternative splicing.
Effects of chemicals on RSK4 splicing In a separate study of cyclin-dependent kinase (CDK) activity, we serendipitously found that treatment of Pan28 and MCF15 cells with an indolocarbazole-derived inhibitor of CDK4 and CDK6, coined as NPCD, 28 induced an alternative deletion of the first 39 nt from exon 21 of hRSK4 (Supplementary Figure 2c and Figure 4a ), resulting in an in-frame deletion of 13 aa from the C-terminus of hRSK4. This splicing was also observed in MCF15 cells treated with Trib-B, another indolocarbazole-derived compound (Figure 4a) . Interestingly, however, we had never been able to detect this splicing in non-treated Panc28, MCF15 and many other cell lines, indirectly suggesting that it is drug-induced only. Moreover, NPCD Figure 3a) and the my106 variant that contains E1D only (depicted in Supplementary Figure 3b slightly increased the level of hRSK4 mRNA as well, as detected by RT-PCR of a region shared by all variants (Figure 4a, 2nd panel) .
RSK4
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Treatment of the MCF15 and MB231 human cells as well as the M8 mouse pancreatic cancer cells 26 with the demethylation agent 5-azacytidine (5-Aza) for 1 week decreased the levels of the DE21 or DE24 variants but increased the levels of the intact RSK4 (Figure 4b , 1st and 2nd panels). 5-Aza had no influence in the splicing at the 15th nt of exon 22 of mRSK4 (Figure 4b , 3rd panel). The total RSK4 mRNA level was not obviously changed by 5-Aza.
RT-PCR assay showed that treatment of several mouse cell lines with the chemotherapeutic agent cisplatin did not obviously change the ratio of the two mRNAs with, to the two without, the 15 nt in exon 22, as exemplified in 4T1 and 4T07 cells (Figure 4c , left panel). However, cisplatin not only slightly induced mRSK4 level but also shifted the þ E24 þ 15nt to the þ E24 À 15nt variant in 4T1 cells, manifested as a very small decrease in the molecular weight of the top band (Figure 4c, right panel) . Moreover, cisplatin caused deletion of E24 in 4T07 cells and, to a less extent, in NMuMG cells (Figure 4c, right panel) . The mRNA level of mRSK4 was slightly induced in 168FARN and 66C14 but decreased in 67NR cells (Figure 4c, right panel) . Therefore, the effects of cisplatin on mRSK4 RNA level and splicing are cell line specific, that is, depending on the cellular context. The ensuing effects on the protein level were not determined because few antibodies have been identified to have high affinity to mRSK4 and because mRSK4 is expressed to multiple proteins that have not been characterized (see below).
Bioinformatic analyses of RSK4 ORF To understand why the RPS6K6A transcripts are initiated from, and spliced at, different sites, we performed bioinformatic analyses of RSK4 variants. Different AUG (ATG in DNA sequence) start codons are identified upstream of the authentic ATG, dubbed as uATGs that initiate upstream ORFs (uORFs). There are also many downstream ATGs that initiate short in-frame ORFs. The results are described in Supplementary materials and depicted in Supplementary Figure 3 Multiple RSK4 proteins expressed from a single cDNA We transfected HEK293T cells with a pMIG-hRSK4 construct, of which ATGb is the first start codon, and performed western blot assays using the N-terminal N20 and AP7944 as well as the C-terminal C20 and ab57231 antibodies ( Figure 5a ). As expected, the hSRK4 transfectants showed a strong band between 72 and 100 kDa (arrowhead in Figure 5a ). From the name of 'p90 ribosomal kinase-4', this band is assumed to be at 90 kDa and to be the wt hRSK4, although the protein initiated from ATGb (745 aa) should be 83 872 Da only. This 90-kDa protein was basically not detectable in the vector transfectants although a larger amount of protein was loaded as shown in the blot for b-actin (Figure 5a ). Besides the 90-kDa protein, hRSK4 transfectants also manifested several smaller bands at about 72, 55 and 48 kDa, each of which usually appeared as a duplet or triplet as detected by at least two antibodies. The 72-and 55-kDa proteins were always more abundant in the hRSK4 transfectants than in the vector counterparts ( Figure 5a ). We conclude that (1) the HEK293T cells hardly express the endogenous 90-kDa wt RSK4 and (2) the hRSK4 cDNA is simultaneously expressed to multiple proteins. The AP7944 antibody had poor affinity to the ectopic 90-kDa protein but it still had high affinity to the 72-and 55-kDa proteins (Figure 5a ). Probably, the ectopic proteins (seen in the hRSK4 transfectants) at about 48 kDa were post-translationally modified differently from their endogenous counterparts (seen in the vector transfectants), as they had different affinities to the same antibodies ( Figure 5a ).
We also transfected Hela cells with the hRSK4, the intact mRSK4 or the mouse D15ntDE24 variant cloned in a pcDNA3.1 vector. Western blot assay with the N20 antibody showed that the 90-kDa protein was again the dominant one in the hRSK4 cDNA transfected cells but its level was very low in the non-transfected and vector-transfected cells (Figure 5b ). The 48-kDa protein was also expressed from the hRSK4 cDNA ( Figure 5b ). There were additional bands at about 55 and 135 kDa, but whether they were expressed from the hRSK4 cDNA was unclear, because they also appeared in the non-transfected cells (Figure 5b ). The C20 antibody also recognized the 90-kDa protein expressed from the hRSK4 cDNA and, with a lower affinity, that from the two mouse constructs (Figure 5b ). In addition, the C20 antibody detected the 72-, 55-and 48-kDa proteins expressed from the human and mouse cDNA constructs ( Figure 5b ). The C20 antibody also recognized the 135-kDa protein, similar to the N20. The Ab42100 N-terminal antibody detected multiple proteins at the 90, 72, 55 and 48 kDa, but it only had a weak affinity to these proteins expressed from the two mouse constructs. The 135-kDa protein seemed to show a reciprocal relationship to the abundance of the 90 kDa one as detected by N20 and ab42100 in Hela cells ( Figure 5b ) and by AP9744 in HEK293T cells (Figure 5a ). The ab57231 C-terminal antibody and the JS-31 antibody using the whole hRSK4 protein as the immunogen recognized mainly the 90-kDa protein and a protein at roughly 37 kDa expressed from the hRSK4 cDNA (Figure 5b ), which was also detected by C20 and N20 in HEK293T cells (Figure 5a ).
Of the seven antibodies used (also see below), only ab57231 and JS-31 had high affinity to the 90-kDa protein expressed from the two mouse constructs (Figure 5b ). The protein expressed from the intact mRSK4 cDNA migrated slightly slower than that expressed from the human cDNA, whereas the human protein migrated similarly to the D15ntDE24 mouse protein ( Figure 5b ). As ATGb is the first start codon of the human cDNA that initiates a 745-aa protein, this similarity suggests that the mouse D15ntDE24 construct may be initiated from ATGg to produce a protein of 732 aa, not from ATGb to produce an even smaller protein of 712 aa. If so, the intact mouse cDNA may also be translated from ATGg to produce a 781-aa protein (left table in Supplementary Figure 4) , as both mouse constructs have the same 5 0 part. However, other situations such as different posttranslational modifications may also affect the migration.
We also performed immunoprecipitation (IP) assay to determine the affinity of the antibodies to the native conformation of the multiple proteins. We transfected MCF15 cells with the intact hRSK4 cDNA and the intact mRSK4 cDNA in the pcDNA3.1 vector. IP of the cell lysates of the transfectants followed by immunoblotting, all with the ab42100 antibody, detected many bands, of which the 90-and 72-kDa proteins were in the minority, whereas the 135-kDa protein was the most abundant, followed by the 55-kDa protein ( Figure 5c ). These results suggest that ab42100 has low affinity to the native conformation of the 90-and 72-kDa proteins but high affinity to the native conformation of the 135-and 55-kDa proteins. From the empty vector transfectants, only the 55-, 48-and 33-kDa endogenous proteins were pulled down at low abundance. IP with nonspecific immunoglobins and protein A/G-conjugated agarose beads, included as a negative control, also pulled down some smaller proteins with close but not identical molecular weights (Figure 5c ). IP of the same MCF15 cell lysates with ab57231 followed by immunoblotting with C20 antibody also detected multiple proteins expressed from the hRSK4 cDNA, with the 90-kDa protein as the dominant one, whereas the endogenous 90-kDa protein in the vector transfectants was barely detectable (Figure 5c ). IP with a cocktail of N20, C20, ab42100, ab57231 and AP9744 followed by immunoblotting with JS-31 monoclonal antibody detected the 90-and 55-kDa proteins, but whether the 55-kDa protein is RSK4 or not is unclear as nonspecific immunoglobins also pull down a protein with similar molecular weight ( Figure 5c ). We had also performed similar experiments with other different combinations of Cell lysates were immunoprecipitated with one antibody as indicated (1st and 2nd panels) or with a cocktail of N20, C20, ab57231, ab42100 and JS-30 antibodies (3rd panel), followed by immunoblotting with the same or different antibody as indicated. Note that the 90-kDa protein was precipitated in all three blots while multiple proteins were precipitated in the first two blots. Nonspecific immunoglobin and protein A/G agarose beads, included as negative control, also pull down some 55-kDa proteins (arrow).
antibodies for IP and immunoblotting, using lysates from not only MCF15 but also other cell lines. The results varied among blots but within the range of those shown in Figure 5c (data not shown).
Multiple endogenous RSK4 proteins at or smaller than 72 kDa Whether RSK4 is readily detectable at the protein level in different types of cells is not as simple a question as it sounds; actually, it has confused and anguished us for years, largely because multiple proteins were detected. As shown in Figure 6a , JS-31 antibody identified many proteins at 72, 55, 48 and 33 kDa in most of the seven human cancer cell lines on a western blot. A 40-kDa protein was also abundantly expressed in some cell lines such as T47D and SKBR3. However, the 90-kDa proteins, which appeared as a duplet, were expressed only in some cell lines such as L3.6pL and at such a low abundance that they could be detected only when the blot was slightly overexposed (arrowhead in Figure 6a ). More surprisingly, even in the lysates of AsPC-1 cells transfected with the pMIG-hRSK4 construct, loaded into the gel at a smaller amount of protein as a positive control, the 90-kDa protein was hardly detectable while proteins at or smaller than 72 kDa were already overexposed (Figure 6a ). The JS-31 antibody again showed high affinity to most of these proteins of the mouse origin as seen in the NMuMG cell line. Western blot of the above set of cell lysates with ab42100 N-terminal antibody also identified multiple proteins, including those at about 72, 55 and 48 kDa (Figure 6b ). Proteins around 90 kDa were also detected, sometimes as a duplet, in some cell lines and in the AsPC-1 cells transfected with the hRSK4 cDNA. The levels of these 90-kDa proteins were lower than those of the 72-, 55-and 48-kDa proteins and seemed to be reciprocal to those of the 135-kDa proteins that were the most dominant within each cell line and detected as a duplet (Figure 6b) . However, these endogenous 90-kDa proteins were not detected by N20 and C20 antibodies, although N20 and C20 detected bands at 72, 55, 40 and 33 kDa, and some of these bands appeared as duplet (Figures  6c and d Verification of multiple RSK4 proteins by shRNA To determine which one of the multiple bands on immunoblots is RSK4, we transfected HEK293T cells with a pSilencer-containing RSK4 shRNA, alone or together with our pMIG-hRSK4 construct. Western blot assay using four different antibodies showed that the shRNA markedly downregulated the 90-kDa protein expressed from the hRSK4 cDNA, compared with the cells transfected with the cDNA alone (arrowhead in Figure 7a , lanes 2 vs 5). The 48-kDa protein that was sensitively detected by JS-31 and ab57231 antibodies was also markedly decreased by the shRNA (Figure 7a , lanes 2 vs 5). The 72-and 55-kDa proteins were decreased by the shRNA to a less extent, which was only detected by some of the four antibodies. The proteins around 33 kDa were also decreased, as detected by JS-31 and ab57231 (Figure 7a) .
Berns et al. 17 once designed five RSK4 shRNAs that have been shown to work efficiently. We transfected HEK293T cells with a mixture of these shRNA constructs together with the pMIG-hRSK4 cDNA. Western blot assay showed that the 90-and 48-kDa proteins again were dramatically downregulated by this shRNA cocktail (Figure 7b, lanes 3 vs 5) . The 72-and 55-kDa proteins were decreased to a less extent as detected by C20 and ab57231 but not by N20 and JS-31 antibodies (Figure 7b ). Similar studies were also performed not only with Hela and other cell lines but also with transfection with single or different combinations of these five shRNA constructs, all resulting in marked decrease of the 90-kDa ectopic protein but again only partial decrease of the proteins at or smaller than 72 kDa (data not shown).
Regulation of RSK4 by c-Myc, cyclin D1 and serum As we have previously observed that c-Myc induces RSK4, 11, [13] [14] [15] we wonder whether it also regulates RSK4 splicing. Using a mycER system in which mycER fusion protein can be activated by treatment with 4-hydroxytamoxifen (4OHT), as described before, Figure 6 . Determination of whether endogenous RSK4 proteins are detectable. Proteins from AsPC-1 cells transfected with the pMIG-hRSK4 construct were loaded at a less amount as a positive control. The proteins at 72 and 55 kDa are the dominant ones and appear as duplet or triplet in most cell lines, as detected by most antibodies (a-e), whereas the putative wt hRSK4 proteins at 90 kDa (arrow) is only detected by some antibodies, in some cell lines, or at such a low abundance that can be discerned only when the blots (a, b) were slightly overexposed. Some smaller proteins at about 48, 40 and 33 kDa are also detected in some cell lines. The JS-31 antibody again shows high affinity to the proteins of mouse origin in NMuMG cells. (Figure 8b ), likely because the mycER was partly activated by some sex steroids in the culture medium, according to our experience in some cell lines. As described before, 15 transfection of Hela cells with a c-myc cDNA in a pcDNA3.1 vector also induced the intact RSK4 (Figure 8d ), but the DE21 was not affected. These results dovetail with the observations in Figure 2g that the DE24 variants were not detectable in c-myc transgenic mammary and pancreatic tumors. Moreover, the ratio between the variants with or without the 15 nt in exon 22 of mRSK4 did not show obvious change in these transgenic tumors, compared with normal mammary glands or pancreas from the non-transgenic littermates (data not shown), suggesting that c-Myc does not affect the splicing at this site either.
In mycER transfected Hela cells, activated mycER inhibited expression of cyclin D1 (D1) (Figure 8e ), which supports our recent observation that inhibition of D1 by c-Myc also occurs in epithelial cells, 29 not just in fibroblasts as reviewed before. 22, 30 At the same time, activation of mycER induced CDK inhibitor p21cip1, compared with the vector-transfected, 4OHT-treated cells (Figure 8e ). On the other hand, transfection of T47D cells with two RSK4 small interfering RNA (siRNA) oligos, which downregulated RSK4, upregulated D1 mRNA level but downregulated p21cip1, compared with the transfection with a scrambled siRNA (Figure 8f) . Interestingly, transfection of Hela cells with a hRSK4 cDNA also decreased D1 and increased p21cip1, compared with the transfection with the pMT2 empty vector (Figure 8f) . Conversely, transfection of a D1 cDNA in MB231 and L3.6pL cells, which increased the D1 protein level (data not shown), downregulated the mRNA level of the intact hRSK4, compared with transfection with the empty vector (Figure 8g ). The DE21 variant was expressed at a low level in these cell lines and was not affected by D1.
Deprival of MB231 cells from serum for 2 days did not have evident effect on the putative hRSK4 proteins at 72, 55, 48 and 33 kDa detected by four antibodies, compared with the cells maintained in 10% serum (Figure 9a, lanes 1 vs 2) . However, these proteins were significantly induced in the serum-deprived MB231 cells that were sorted for D1 or its K112E mutant in a pMIG vector (Figure 9a, lanes 3 vs 4 and lanes 5 vs 6) . Actually, the D1-or K112E-expressing cells showed a slight decrease in the levels of these proteins even when cultured with 10% serum, compared with the vector counterparts ( Figure 9a, lanes 2 vs 4 and 6) . Similarly, the effect of withdrawal of MCF7 cells from serum was mild on the levels of the 72-, 55-, 48-and 33-kDa proteins, but it was evident in the MCF7 cells that were sorted for the D1 cDNA or its K112E mutant (Figure 9b, lanes 3 vs 4 and 5 vs 6 ). In the presence of 10% serum, D1 and its K112E mutant again inhibited these proteins (Figure 9b, lanes 2 vs 4 and 6 ).
Effects of RSK4 on anchorage-dependent growth and cell death Transfection of MB231, BxPC3 and Hela cells with the intact mRSK4 or hRSK4 cDNA caused a slight, but statistically significant, decrease in the number of viable cells as determined with an MTT assay, compared with the transfection with the empty pcDNA3.1 vector (Figures 10a-c) . For the mRSK4, this effect was attenuated when exon 24 or the first 15 nt in exon 22 was deleted (Figures  10a-c) . However, transfection with the D15ntDE24 construct increased the number of viable cells, especially in BxPC3 and Hela cells that usually were transfected at a better efficiency (Figures 10b and c) . Compared with the empty vector, the intact mRSK4 in BxPC3 cells did not significantly change cell cycle distribution although G1 fraction seemed to be slightly increased while S and G2-M fractions slightly decreased (Table 1) . Expression of the intact mRSK4 significantly increased cell death reflected by the sub-G1 fraction ( Table 1 ). The D15ntDE24, however, increased the S phase fraction although the decrease in G1 phase did not reach a significant level (Po0.05), compared with the empty vector (Table 1) . Therefore, D15ntDE24-caused increase of viable cells, detected by MTT assay, is attributable to increased cell proliferation, decreased cell death and likely alleviated G1 arrest as well. We did not transfect mouse constructs to mouse cells because they expressed these variants that complicate the result interpretation.
In AsPC-1 cells sorted for different constructs, the intact hRSK4 and its DE21 variant also decreased the number of the viable cells as detected by MTT assay, compared with the empty vector (Figure 10d) . Deprival of AsPC-1 cells from 10% serum in culture caused G1 arrest, manifested as increased G1 but decreased S and G2-M fractions (Table 2) , which is a well-known phenomenon seen in most cell types. Ectopic expression of the intact hRSK4 and the DE21 variant prevented this serum starvation induced G1 arrest, exhibited as a smaller G1 fraction and larger S and G2-M fractions, compared with the corresponding vector-expressing cells (Table 2 ). However, in the presence of 10% serum, only the intact hRSK4, but no-longer the DE21, could still sustain higher S and G2-M fractions ( Table 2 ), suggesting that DE21 may require additional growth stimuli from serum for such sustentation. Also as expected, a prolonged serum starvation (comparing days 1 and 2 with days 3 and 4) increased the death of AsPC-1 cells as reflected by a higher Sub-G1 fraction, which was further enhanced by the intact RSK4 and the DE21 (Table 2) .
In L3.6pL cells sorted for different constructs, the intact RSK4 and the DE21 had a similar effect on cell cycle distribution to that seen in the AsPC-1 cells but at a smaller extent, because L3.6pL cells had a larger fraction in the S phase in routine culture and were refractory to serum starvation (data not shown). On the other hand, both intact RSK4 and DE21 in L3.6pL cells enhanced cell death induced by serum deprival compared with the vector counterpart (Supplementary Table 2 ), which was more evident than in AsPC-1 cells (data not shown).
Effects of RSK4 on anchorage-independent and in vivo cell growth In L3.6pL cells sorted for different constructs, the intact hRSK4 decreased the number of colonies in soft agar, compared with the empty vector (Figure 11a) , similar to what we previously observed in MB231 cells. 15 The DE21 variant also, although less effective, decreased the colony number. However, in sorted AsPC-1 cells, the intact hRSK4 increased the number of colonies, whereas the DE21 lost this function (Figure 11a ).
Xenograft tumors in SCID mice developed from the L3.6pL cells sorted for the intact hRSK4 grew slower than the vector and the DE21-expressing tumors at the last time points, whereas the DE21 tumors were not significantly different from the vector tumors (Figure 11b) . Surprisingly, however, the number of cells positive for Ki-67, a marker for proliferating cells, was much smaller in the vector tumors than in the intact hRSK4 tumors and in the DE21 tumors, as well as in the DE21 tumors than in the intact RSK4 tumors (Figures 11d and e) . Histologically, vector tumors encompassed more stromal tissue than the intact hRSK4 and the DE21 tumors, whereas the stromal content in the DE21 tumors and the intact hRSK4 tumors was similar (Figure 11e ). On the other hand, the DE21 tumors contained larger necrotic areas than the vector tumors and the intact hRSK4 tumors (Figure 11e) .
The xenograft tumors of AsPC-1 cells sorted for the intact hRSK4 grew similarly to the vector tumors and both grew significantly faster than the DE21 tumors (Figure 11c) . Histologically, AsPC-1 cells formed glandular tumors, although this cell line was 
vector (V). (h) Depiction of interactions among c-Myc, D1 and RSK4, with arrows, 'B'
, and question mark representing stimulation, inhibition and uncertainty, respectively. c-Myc inhibits D1 but induces RSK4, whereas D1 and RSK4 inhibit each other. c-Myc is known for its dual effects, that is, promotion of both cell proliferation and death, whereas D1 as a common sensor for many growth stimuli promotes cell proliferation and inhibits cell death, 30 in part by its inhibition of RSK4. Some RSK4 isoform(s) may inhibit cell proliferation and enhance growth arrest or cell death, but the actual effect depends on the dominant RSK4 isoform and other factors. Figure 9 . Effects of serum starvation and D1 on RSK4. MB231 (a) and MCF7 (b) cells sorted for a pMIG retrovirus that contains D1 or its K112E mutant were cultured in duplicate plates. One of the plates was then withdrawn from 10% serum for 48 h. The cell lysates were immunoblotted with indicated antibodies and then were stripped and re-blotted with b-actin antibody to visualize the protein loading. Note that withdrawal of D1 or K112E-expressing cells from serum increases the levels of most proteins detected by most antibodies, but the endogenous 90-kDa protein is only detected in MCF7 cells by the ab42100 antibody (arrow). established from ascites of a pancreatic cancer patient. The viable cells were located mainly in the outer layer of the intact RSK4 tumors. Discrepantly, the number of Ki-67-positive cells was significantly lower in the intact hRSK4 tumors than in the vector tumors and the DE21 tumors ( Figures 11 d and e) . Moreover, the vector tumors encompassed large necrotic areas, but the necrotic areas were even larger in the intact hRSK4 tumors (Figure 11e ). The DE21 tumors were less necrotic than the intact hRSK4 tumors (Figure 11e) . Therefore, although the intact hRSK4 tumors weighed more (Figure 11c) , they actually had fewer proliferating cells but more necrosis ( Figure 11E ).
Effects of RSK4 on chemoresponse Using MTT assay we determined the effects of different RSK4 mRNAs on the response of cancer cells to several chemotherapeutic agents, but we did not observe a general effect. In transfected MCF15 cells, the intact mRSK4 moderately increased the resistance to gemcitabine, compared with the empty vector, but the effect of the D15ntDE24 variant was not significant (Figure 12a) . No significant effects of these two mouse constructs were discerned on the response to other chemotherapeutic agents (Figure 12a ). In the AsPC-1 cells sorted for different constructs, the intact hRSK4 also increased the resistance to the CDK4 inhibitor NPCD, although this compound caused growth inhibition of vector-expressing cells (Figure 12b) as we expected from a previous study. 28 The DE21 variant lost this effect (Figure 12b) . On the contrary, in sorted L3.6pL cells, both hRSK4 and the DE21 sensitized the cells to cisplatin and gemcitabine, but not to NPCD (Figure 12c) , as determined by a clonogenic survival assay. However, in xenograft tumor models, only sensitization to cisplatin was observed (Figure 12d ), whereas the effect on gemcitabine was lost (Figure 12e ).
DISCUSSION
In this study we first anatomized RSK4 transcripts with special attention on the initiation sites, splice sites, uORF and downstream in-frame ATGs. We then studied the protein products and the basic biology of this gene on cancer related aspects. Several results oppose our expectations and challenge some basic concepts of biomedical research as discussed below.
One cDNA may be expressed to multiple protein isoforms So often a western blot assay detects multiple bands, and we subjectively regard those bands at 'wrong' molecular weights as Significantly different from the vector-transfected counterpart (Po0.05).
b Significantly different from the intact RSK4 transfected counterpart (Po0.05).
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'artifacts', as it gives us a convenient reason to present the expected band only and trash the others, if we do not go further to complain to the company for selling us a 'lousy' antibody. This is largely because few details have actually been learned about protein translation. Besides the canonical cap-dependent mechanism of translation initiation, 31 there are many known examples of other mechanisms that involve reinitiation, leaky scanning, 32 IRES (internal ribosome entry site) or CITE (cap-independent translational enhancers). 33 Many genes encompass multiple uATGs and downstream in-frame ATGs, just like RSK4. In some situations, the uATGs control the protein yield via ribosomestalling [34] [35] [36] or mRNA decay, 37 especially in a stressed status. [38] [39] [40] Unfortunately, currently we still lack a clean system to study these nontraditional mechanisms, as repeatedly pointed out by Kozak.
41-45
What surprises us the most is that one single hRSK4 cDNA may be simultaneously expressed to multiple proteins at 90, 72, 55 and, in some cells, even 48 and 33 kDa, as their levels in the cells that were non-transfected or transfected with the empty vector are much lower (Figure 5a ). These proteins do not seem to derive from alternative splicing, because the cDNA is intron-less and because different expression vectors have been used to avoid vector-introduced cryptic splice site as concerned by Kozak. [41] [42] [43] [44] [45] Moreover, the same cDNA in different cell lines (HEK293T, Hela and MCF15 cells in Figure 5 ) may produce different spectrums of proteins, and the 90-kDa protein was not even the dominant one when the cDNA is expressed in AsPC-1 cells (Figure 6 ). These results indicate that translation of the transcript from the cDNA is regulated by cellular factors that differ among cell lines. These observations are so fundamental for biomedical research because so often we attribute the biological result from a cDNA to the protein at the anticipated molecular weight without carefully examining whether the cDNA also produces other protein isoforms in the cell line used. Moreover, some of the 72-, 55-, 48-and 33-kDa proteins are reactive to both N-and C-terminal antibodies. If some of these proteins are RSK4 isoforms as we tend to believe, then there probably is an unknown mechanism of protein modification that can remove a middle region of a protein, as protein splicing has not been known to occur in multicellular organisms. 46 This intriguing possibility also warrants further exploration. Significantly different from both the vector and the DE21 counterparts (Po0.05);
Percentages of proliferating cells, stroma and necrosis in exnograft tumors
Ki-67 Stroma Necrosis
c Significantly different from the DE21 counterpart, which for the tumor size is at the last 2 days (Po0.05).
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Cancer cells express multiple RSK4 proteins, but at or smaller than 72 kDa We identified several RSK4 mRNAs that differ at the 5 0 part and encompass four putative first ATGs (ATGa, b, g and d) with different uATGs at their upstream that initiate different uORFs and in-frame ATGs at their downstream. As exemplified by the GCN4 mRNA translation, [47] [48] [49] even a three-triplet uORF can regulate translation efficiency. 50, 51 Therefore, transcription from different initiation sites may be meaningful, as it provides cells with different uORFs as alternative mechanisms for regulation, likely inhibition, 51 of RSK4 protein translation. In the NCBI database, the NM_025949.2 mRSK4 utilizes ATGa to produce an 860-aa protein that is calculated as 97 480Da, whereas the NM_0144946.4 hRSK4 utilizes ATGb to produce a 745-aa protein calculated as 83 872Da. If the mouse my090 we cloned, which lacks ATGa, is translated from ATGg, the protein should contain 781 aa and weigh 88 303Da (left table in Supplementary  Figure 4) . However, if it starts from ATGb, it would produce a 764-aa protein of 86 571 Da. Moreover, if in the my106 and my111 human variants the protein is initiated from ATGd, it should also contain 745 aa but would differ from that initiated from ATGb by the first 27 aa. In line with these calculations, the dominant protein expressed from our hRSK4 cDNA that starts with ATGb is about 90 kDa on western blot, which is thus considered the wt, intact hRSK4. However, in the cancer cell lines we studied, the dominantendogenous proteins detected by most antibodies are at or smaller than 72 kDa. Actually, even in the datasheet of these antibodies, the example proteins are shown at about 72-75 kDa (see the corresponding companies' website), much smaller than the above calculations. Therefore, currently we still do not know which ATG is authentic, partly because some post-translational modifications, besides initiation from a downstream ATG, can also yield smaller proteins. Actually, these smaller proteins may have been subjected to complex post-translational modifications, as they are often detected as duplet or triplet and show different affinities to different antibodies. What still bewilders us is that all seven RSK4 siRNAs we used can efficiently downregulate the cDNA-derived 90-kDa protein but can only partially decrease the 72 and 55 kDa, and some smaller proteins. Unlike the cDNAderived 90-kDa protein, the 72 kDa or smaller proteins can be translated from both ectopic and endogenous transcripts that differ at the 5 0 -and 3 0 -untranslational regions. Therefore, the siRNAs may have different efficiencies in demolishing these transcripts or blocking their translation or, conversely, be titrated by separately transcribed 3 0 -untranslational regions 52, 53 from the endogenous allele that remains to be determined.
Of the seven antibodies used, ab42100 and 2102 can detect endogenous proteins at 90 kDa in some cancer cell lines, although their expression varies greatly. We tend to consider that these proteins are nonspecific, as most antibodies cannot detect them. The abundance of these 90-kDa proteins seems reciprocal to that of the 135-kDa proteins, which appear as a duplet and are the most dominant among the ab42100-detected proteins (Figure 6b ). These 135-kDa proteins may be nonspecific as well, as they are too large and are abundant in Hela cells wherein RSK4 mRNA levels are low (Figure 3b) . However, this conjecture is opposed by the facts that sometimes they are also detected by N20, C20 and JS-31 antibodies. Therefore, their identity remains unknown. Examples for a protein that migrates much more sluggishly than expected on a western blot include estrogen receptor a, which is 66 kDa but could be detected at 116 kDa or even 140 kDa, due to unknown reasons 54 (and references therein). Unlike all the previous studies that never show or describe RSK4 molecular weight, including those from us, this study shows for the first time the whole immunoblots of different cell lines involving different antibodies. Protein multiplicity and variation overarch these data, even after deducting the possibly nonspecific ones, which may underlie the versatility, flexibility and variety of RSK4's functions as discussed below. Although it is difficult to quantify so many bands on immunoblots, these blots actually present the reproducibility at a higher level, compared with repeats, which we actually have, of each blot of the same cell lines and same antibodies. The proteins detected by more antibodies are more likely to be RSK4 isoforms than those appearing on fewer blots. The finding that the endogenous RSK4 proteins in cancer cells are 72 kDa and smaller is astonishing, as it implies that not only the previously published data need to be reevaluated accordingly but also studies using cDNA, from which the 90-kDa protein is dominant in most cases, should also be interpreted accordingly.
Skip of the penultimate exon may be a feature of an abnormal status Skip of exon 21 from hRSK4 is observed in MCF10 benign cells and in some cancer cell lines but not in most normal human organs. Similarly, skip of exon 24 from mRSK4 is observed in mouse cancer cell lines and MEF but not in most normal mouse organs, although it is detectable in mouse kidneys. Therefore, deletion of this penultimate exon seems to occur mainly in a non-physiological status, such as in cell culture or in tumors, which warrants further studies with primary benign and malignant tumor tissues. Even when it is detected, the mRNAs with this exon are still more abundant than those sans it, with the RSK2 À / À MEF as an only exception we know, wherein the total RSK4 mRNA level is decreased and the þ 15nt À E24 variant is dominant (Figures 2e  and f) , suggesting an interrelationship between these two RSK siblings.
Some chemicals can regulate RSK4 splicing Demethylation agent 5-Aza can prevent the deletion of the penultimate exon to maintain the intact RSK4 as the dominant one. This may not be because of its demethylation of the RPS6KA6 gene as the total mRNA level of RSK4 is not obviously increased upon the 5-Aza treatment. 5-Aza is known to have many other direct or indirect effects besides DNA demethylation, some of which may contribute to this newly observed regulation of RSK4 splicing.
Somewhat opposite to the effect of 5-Aza, two indolocarbazolederived CDK4 inhibitory compounds, NPCD and Trib-B, can cause deletion of the first 39 nt from exon 21 of hRSK4. This effect is not universal but rather is site-specific, as deletion of the whole exon 21 or the first 15 nt of exon 19 is unaffected. Identification of splice-regulating compounds is very useful but it is a difficult research area. So far only very few such compounds have been discovered, as reviewed by Sumanasekera et al. 55 Our finding elongates the list of these compounds and may provide a good model for this research area.
Serum, D1 and c-Myc regulate RSK4 and complicate its function Withdrawal of cells from serum in culture for 2 days does not obviously induce RSK4 proteins, although the effect may be significant if serum starvation is prolonged. However, serum starvation is additive to increased D1 expression in the induction of the 72-, 55-, 48-and 33-kDa, but not the 90-kDa, proteins (Figures 9a and b) . Many factors in serum promote cell growth in a significant part by activation of D1, 30 and thus may also inhibit RSK4. Therefore, some of the RSK4 protein isoforms may inhibit cell growth while their decreases may facilitate cell proliferation (Figure 8h ). However, the net impact of RSK4, as also discussed below, is more complicated in part, because each of the protein isoforms may have different roles. Moreover, as c-Myc induces RSK4, but inhibits D1, whereas RSK4 inhibits D1, inhibition of D1 by c-Myc may be elicited partly via its induction of RSK4 (Figure 8h ). On the other hand, D1 also inhibits RSK4. These complex interactions among these three genes may make RSK4 expression very sensitive to variation in culture condition and to other factors, in turn enlarging the variation in its functions and raising the complexity to a higher level. Unfortunately, our dissection of each isoform's function is hindered by the lack of an RSK4-deficient cell line as a tool and by the situation that a cDNA simultaneously expresses multiple protein isoforms.
As reviewed recently, 30 D1 may regulate transcription of other genes by binding to other proteins without involving CDKs. The K112E mutant of D1 can still bind to, but cannot activate, CDK4 or CDK6. 30 As decrease of RSK4 by D1 also occurs at the mRNA level (Figures 8d and e) and as K112E can still downregulate RSK4 proteins (Figures 9a and b) , this effect of D1 may not require the CDK's kinase activity, which explains why most bands on immunoblots are all decreased while splicing is not affected.
Whether RSK4 is oncogenic or tumor suppressive depends on many factors As introduced earlier, available information on the functions of RSK4 is minimal and quite inconsistent. Results from this study provide five possible explanations for the inconsistency: (1) Relative to the empty vector, intact hRSK4 in AsPC-1 cells decreases the number of viable cells in monolayer culture (Figure 10d ), increases the number of colonies in soft agar ( Figure 11a ) and decreases the cell proliferation in xenograft tumors as marked with Ki-67 (Figure 11e ). These results suggest that the effects of hRSK4 in a given cell type vary among anchorage-dependent and -independent growth conditions and the in-vivo situation. (2) On the contrary, in L3.6pL cells, the intact hRSK4 decreases the number of colonies in agar (Figure 11a (Figures 11a and e) . In the mouse, the D15ntDE24 variant promotes cell growth, opposite to the intact mRSK4. These results indicate that alternative splicing may affect RSK4 functions. (4) Intact hRSK4 inhibits stromal formation in xenograft tumors developed from some cell lines, such as L3.6pL, but promotes cell death in xenograft tumors developed from some other cell lines such as AsPC-1 (Figure 11e ), suggesting that RSK4 may cause cell death in vivo and influence stromal-cancer cell interactions. (5) The RPS6KA6 gene can produce different transcripts from different initiation sites and one form of mRNA (cDNA) can produce multiple protein isoforms that may differ in functions. In summary, inconsistency may be discerned if we compare different studies without considering these five aspects. A caveat needs to be given that the nomenclature 'intact RSK4' used herein is often referred to our cDNA construct, not the 90-kDa protein, and its versatility in protein production is probably a reason for the complex variation of our results.
As the 90-kDa protein is skimpy in many cancer cell lines and transfection of cells with RSK4 cDNA inhibits D1, but induces p21cip1 (Figure 8e ), RSK4 might be growth inhibitory and might sensitize cells to chemotherapy. However, chemosensitization is not a general observation in a screening with MTT assay. As MTT assay detects only viable cells, an effect may not be manifested if RSK4 promotes cell proliferation but meanwhile also sensitizes the cells to a death-inducing drug. Nevertheless, in AsPC-1 and MCF15 cells the intact RSK4 slightly increases the resistance to some chemotherapeutic agents, which is attenuated by deletion of the penultimate exon. On the contrary, clonogenic survival assay shows that the intact RSK4 and its DE21 sensitize L3.6pL cells to cisplatin and gemcitabine, although only the effect on cisplatin is discerned in a xenograft model. Therefore, the effects of RSK4 and its DE21/24 variants on chemotherapy largely depend on the cellular context and experimental conditions.
As recently discussed, 30 anchorage-independent growth is well accepted as an in-vitro criterion for malignant transformation, but this criterion is challenged by the existence of some cell lines that cannot form colonies in agar but are tumorigenic in immunodeficient mice. 56, 57 The opposing effects of the intact hRSK4 on the growth of colonies in agar and xenograft tumors in animals ( Figure 11 ) also question the fidelity of colony formation as an in vitro criterion for a malignant status of cells.
Conclusion
We have identified a new transcription initiation site and several alternative splice sites of the human and mRSK4. The resulting mRNA variants encompass four putative first start codons with short uORFs in the upstream and 18-20 in-frame start codons in the downstream. The penultimate exon deleted variant is mainly observed in cell lines, and not in most normal tissues. Demethylation agent 5-Aza can inhibit the deletion of the penultimate exon, whereas two indolocarbazole-derived CDK4 inhibitors can induce alternative splicing at the 39th nt of exon 21 in hRSK4. In all human cancer cell lines studied, the 90-kDa wt RSK4 was sparse but, surprisingly, several isoforms at or smaller than 72 kDa were expressed. Each of these smaller isoforms often appeared as a duplet or triplet and the levels of these isoforms varied greatly among different cell lines and culture conditions. D1 inhibited the expression of RSK4, which was enhanced by serum starvation, whereas c-Myc and RSK4 inhibited D1. The effects of RS4 on cell growth, cell death and chemoresponse depended on the mRNA variant or the protein isoform expressed, on the specificity of the cell lines, as well as on the anchorage-dependent or -independent growth conditions and the in vivo situation. Moreover, we also observed that a given cDNA might be expressed to multiple protein isoforms; therefore, when using a cDNA, we need to exclude this possibility first, before we can attribute the biological results from the cDNA to the protein at the anticipated molecular weight. Collectively, our results suggest that whether RSK4 is oncogenic or tumor suppressive depends on many factors.
MATERIALS AND METHODS
Cell lines and cell culture
Cell line information is described in Supplementary Information. All the cells were cultured in routine conditions with Dulbecco's modified Eagle's medium (DMEM) containing 5-10% fetal bovine serum (FBS) unless specified.
Construction of cDNA A hRSK4 cDNA was received from Dr Frodin, which was cloned into a pMT2 retroviral vector and encodes 1-745 aa with a HA tag at the upstream of the ATGb. 10 The HA tag was removed to build the intact hRSK4, and the exon 21 was further deleted to make the DE21 variant. These intact hRSK4 and DE21 were inserted into a pcDNA3.1-neo expression vector (Invitrogen; www.invitrogen.com) and also a pMIG (MSCV IRES GFP) retroviral vector that contains an IRES-driven green fluorescent protein sequence after the insert. A wt cDNA and its K112E mutant 58 of the CCND1 gene that encodes D1, both of which were tagged with a Flag sequence at the N-terminus, were inserted into a pcDNA3.1-neo vector and the pMIG retroviral vector. A full-length mRSK4 cDNA-containing ATGa, the first 15 nt of exon 22, and the exon 24 was received from Dr Myers 9 , while another mRSK4 cDNA lacking the first 15 nt of exon 22 was purchased from Open Biosystems (clone ID: 30015425). These two mouse cDNAs were reconstructed to build the D15nt, DE24 and D15ntDE24 variants with deletion of ATGa at the 5 0 end and deletion of a large part of the 3 0 -untranslated region, while ATGg was retained.
siRNA and shRNA Two hRSK4 siRNA oligonucleotides were purchased from Ambion Biosciences (siRNA ID# 134396 and 134397; www.ambion.com) and were shown previously to work efficiently. 15 Based on the siRNA134397 sequence, we also designed a shRNA and cloned it into a pSilencer vector. In addition, we received five shRNA retroviral constructs, a scrambled shRNA construct as control, and the pRISC-STUFFER empty viral vector from Dr Berns who developed these shRNAs. 17 Infection and sorting of cells An Empty pMIG vector and its insert-containing counterparts were packaged in HEK293T cells with helper plasmids. The resultant viruses in culture medium were used to infect the desired cells, followed by fluorescent activating cell sorting (FACS) for green fluorescent protein with a BD FACSAria II Flow Cytometer (BD Biosciences, San Jose, CA, USA) to purify the construct-bearing cells and remove uninfected cells. After one or two passages in culture, the sorted cells were examined under a fluorescent microscope and basically no non-green fluorescent protein cells were found, confirming the high efficiency of the cell sorting. Although the c-myc, D1 and K112E constructs had been used in Dr Liao's laboratory for years with confirmed expression efficiency, RT-PCR and western blot assays were performed and high ectopic expression of the c-myc and D1 mRNA and protein in the sorted cells were confirmed (data not shown).
Transfection of cells
Details are provided in Supplementary materials.
RT-PCR assay
Details are provided in Supplementary materials. Hypoxanthine-guanine phosphoribosyl transferase was used as a loading control, 59 because its expression was much lower than the levels of the b-actin and the glyceraldehyde-3-phosphate dehydrogenase and thus closer to the expression levels of desired genes. Moreover, the b-actin and glyceraldehyde-3-phosphate dehydrogenase have too many copies of processed pseudogenes in the human and mouse genomes; it cannot be excluded that some of these pseudogenes are expressed in some cell type since most part of the genomes is transcribed. Table 1) were used as reverse primers for 5 0 -RACE of RNA from L3.6pL cells or for PCR amplification of a human brain cDNA library. The mF487 and mR711 primers were used for 5 0 -RACE of RNA from 4T1 mouse cells. After the 5 0 -RACE products were fractionized in agarose gel, the desired bands were purified with UltraClean Gel DNA Extraction Kit (ISC BioExpress; www.bioexpress.com) following the manual, or with a simple method we recently established that did not involve a commercial kit. 61 The purified DNA was ligated into a TOPO vector (Invitrogen) or a pGEM-T Easy Vector (Promega; www.promega.com). RT-PCR products were also cloned in this way.
DNA sequencing and sequence analyses
Western blot assay and antibodies
As described before, 62, 63 cells lysates were prepared with inhibitors of proteases, kinases and phosphatases and determined for protein concentration. An equal amount of proteins from each sample was fractioned in 8-10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane as described before. 28 Seven RSK4 primary antibodies were used, including N20 (sc-17176; aa 12-100 of hRSK4 as the antigen) goat polyclonal, C20 (sc-17178; aa 650-700 of hRSK4 as the antigen) goat polyclonal and JS-31 (sc-100424; recombinant whole hRSK4 as the antigen) mouse monoclonal antibodies from Santa Cruz Biotech (www.scbt. 
IP assay
As described before, 63 protein lysate (400 mg) from each sample was immunoprecipitated in 400-ml lysate buffer containing 0.2 mg indicated RSK4 antibodies at 4 o C for 4 h with rotation. The IP reaction was then added with protein A/G-conjugated agarose beads (15 ml; from Santa Cruz Biotech Inc.) and rotated for another 4 h. The antigen-antibody complexes were spun down and then washed four times with cold lysate buffer. Proper controls included an aliquot of normal immunoglobins from the same species (from Santa Cruz Biotech Inc.) to replace the RSK4 antibody in the IP reaction. The pellets were suspended in 30-ml 2xSDS reducing western blot loading buffer and boiled for 4 min. The immunoprecipitates were used in western blot to detect RSK4 with indicated primary antibody. mycER activation mycER is a construct with the ligand-binding domain of human estrogen receptor a tagged at the C-terminus of human c-Myc protein. The mycER construct or the corresponding empty pBabe retroviral vector was transfected to desired cells followed by activation of the mycER fusion protein by treatment with 150 nM 4OHT as we described before. 15 The cells were harvested 24 h later for preparation of total RNA samples.
Treatment with chemotherapeutic agents
Indicated cell lines cultured with DMEM containing 5% FBS were treated with 5 mM NPCD or Trib-B, both of which are indolocarbazole analogs synthesized by us and purified with HPLC with over 99% purity. 28 Treatment with DMSO (the solvent) was included as non-treated control. The cells were harvested 3 days later for RT-PCR or 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assays. Cells treated with 15 mM 5-Aza for 1 week, with medium change every other day to maintain the drug concentration, were also harvested for RT-PCR. Treatments with other chemotherapeutic agents were the same as described before. 25, 26 MTT assay Details were described before 28 and in Supplementary materials.
Clonogenic survival assay
As described before, 25 cells were seeded in 24-well plates at 1 Â 10 5 cells per well and 24 h later the desired chemotherapeutic agent was added into the culture, with the same solvent as the non-treated control. Two days later the cells were trypsinized, collected, counted and then evenly reseeded at 1000 cells per well in triplicate in a 6-well plate. Cells were maintained in culture for 10-15 days, with medium change every 3 days, to let the viable cells propagate to sizable colonies for quantification. The colonies were fixed with methanol-acetic acid at 3:1 ratio and then stained with 1% crystal violet for 30 min. The number of colonies was counted and photographed using digital camera.
Anchorage-independent growth assay Cells harvested from routine culture were suspended in PBS and counted. An equal volume of suspension that contained 1000 cells was mixed with a DMEM containing 0.35% agar and 10% FBS. The mixture was then seeded in each well of a 6-well culture plate that was pre-coated with a layer of basal agar made with 0.5% agar and 10% FBS in DMEM. The agar was then covered with a 10% FBS-containing DMEM and maintained at 37 o C, 5% CO 2 for 14-20 days with the topping medium refreshed every 4 days. When the colonies became sizable, the topping medium was discarded and colonies counted under a Leica DM IRB inverted fluorescence microscope (http://www.leica-microsystems.com) using an automatic colony-counting system.
Cell-cycle and cell-death analyses Details were described before 28 and in Supplementary materials.
Xenograft tumor model and in vivo drug treatment L3.6pL and AsPC-1 cells that were sorted with FACS for bearing different constructs were collected from culture and counted. The cells were inoculated subcutaneously at both the left and the right flanks of adult female SCID mice, with 1 Â 10 6 cells for each inoculation. Five animals, in total of 10 tumor xenografts, were used for each cell clone. Once a tumor became palpable, the tumor size was measured with a caliper every day.
The animals for study of tumor growth were euthanized 26 days post inoculation. For the chemoresponse study, an L3.6pL derived tumor collected from the above study was sliced to small pieces. One or two pieces, in total of about 35 mg according to our experience, were subcutaneously implanted with a trocar into both the left and the right flanks of a new set of SCID mice. Five animals, in total of 10 tumors, were used for each experimental group. For study on cisplatin, the tumorbearing animals were injected via a tail vein with a single dose (8 mg/kg) 7 days post tumor implantation, with saline as the vehicle control. The tumor sizes were measured daily with a caliper and the animals were euthanized on day 14. For study on gemcitabine, the tumor-bearing animals were injected via a tail vein with gemzar (150 mg/kg) on days 0 (the day of tumor implantation), 7 and 14, and the animals were euthanized on day 16. Tumor weights were calculated from tumor sizes as described previously. 64 All animals were housed in an AAALAC-accredited facility with water and food supplied ad libitum. All animal experiments were performed under institutionally approved animal protocols.
Hematoxylin-eosin and Ki-67 staining and quantification Details are provided in Supplementary Materials.
Statistical analyses
All MTT, FACS and clonogenic survival assays were performed in multiple repetitions in each experiment, and the experiments were repeated at least three times. Statistical comparisons between groups were made with the Student's t-test or w 2 wherever appropriate. The tumor weights, Ki-67-positive indexes, stromal areas and necrotic areas varied greatly and thus analyzed with Wilcoxon rank sum test. All data were presented as mean±s.d. A P value r0.05 is considered significant in all statistical analyses.
